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Abstract

Background: MRI acquisition for pediatric pancreatic fat quantification is limited by breath-

holds (BH). Full segmentation (FS) or small region of interest (ROI) analysis methods may not 

account for pancreatic fat spatial heterogeneity, which may limit accuracy.

Purpose: To improve MRI acquisition and analysis for quantifying pancreatic proton-density 

fat fraction (pPDFF) in children by investigating free-breathing (FB)-MRI, characterizing pPDFF 

spatial heterogeneity, and relating pPDFF to clinical markers.

Study Type: Prospective.

Population: 34 children, including healthy (N=16, 8 female) and overweight (N=18, 5 female) 

subjects.

Field Strength and Sequences: 3T; multi-echo gradient-echo 3D stack-of-stars FB-MRI, 

multi-echo gradient-echo 3D Cartesian BH-MRI.

Assessment: A radiologist measured FS-based and ROI-based pPDFF on FB-MRI and BH-

MRI PDFF maps, with anatomical images as references. Regional pPDFF in the pancreatic head, 

body, and tail were measured on FB-MRI. FS-pPDFF, ROI-pPDFF, and regional pPDFF were 

compared, and related to clinical markers, including hemoglobin A1c.

Statistical Tests: T-test, Bland-Altman analysis, Lin’s concordance correlation coefficient 

(CCC), one-way analysis of variance, and Spearman’s rank correlation coefficient were used. 

P<0.05 was considered significant.

*Correspondence to: Holden H. Wu, Ph.D., Department of Radiological Sciences, 300 UCLA Medical Plaza, Suite B119, Los Angeles, 
CA 90095, HoldenWu@mednet.ucla.edu. 
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Results: FS-pPDFF and ROI-pPDFF from FB-MRI and BH-MRI had mean difference = 

0.4%; CCC was 0.95 for FS-pPDFF and 0.62 for ROI-pPDFF. FS-pPDFF was higher than 

ROI-pPDFF (10.4±6.4% vs. 4.2±2.8%). Tail-pPDFF (11.6±8.1%) was higher than body-pPDFF 

(8.9±6.3%) and head-pPDFF (8.7±5.2%). Head-pPDFF and body-pPDFF positively correlated 

with hemoglobin A1c.

Data Conclusion: FB-MRI pPDFF is comparable to BH-MRI. Spatial heterogeneity affects 

pPDFF quantification. Regional measurements of pPDFF in the head and body were correlated 

with hemoglobin A1c, a marker of insulin sensitivity.

INTRODUCTION

Pediatric obesity and diabetes mellitus are global health problems.1 Pancreatic fat is a 

biomarker for identifying and understanding metabolic dysfunction in children.2–7 While 

multiple methods for pancreatic fat quantification have been utilized, MRI is considered 

the reference standard as it has high inter-reader agreement and better visualization of deep 

organs compared to ultrasound.8 Furthermore, MRI avoids ionizing radiation associated with 

X-ray computed tomography (CT).8

Proton-density fat fraction (PDFF) is an MRI parameter that has previously been validated 

for hepatic fat quantification and has more recently been applied to the pancreas.9 10 

However, using MRI to measure pancreatic fat in children is challenging because of image 

acquisition and analysis issues. Conventional breath-holding (BH) Cartesian MRI of the 

abdomen is limited by the scan duration for which subjects can hold their breath (typically 

20 seconds or less), which can lead to decreased resolution or spatial coverage. Moreover, 

involuntary respiratory motion frequently impacts MR images in children and leads to 

image artifacts and spatial misregistration, degrading image quality and quantification 

accuracy.11, 12

Recently developed free-breathing (FB) 3D radial stack-of-stars abdominal MRI methods 

remove the need for BH and allow for increased spatial coverage and improved robustness to 

motion artifacts.13, 14 In children, image quality of FB-MRI has been shown to be equivalent 

or superior to image quality of BH-MRI for assessing liver fat content.15, 16 A different 

FB-MRI method (eXtra-Dimensional Golden-angle RAdial Sparse Parallel [XD-GRASP]) 

has also been shown to produce higher quality T1-weighted pancreatic images than BH-MRI 

in adults, but it was not investigated for multi-echo MRI and fat quantification.17 FB-MRI 

has yet to be applied to pancreatic fat quantification in the pediatric population.

Numerous image analysis methods have been used to estimate pancreatic PDFF (pPDFF) 

from MRI.3–4, 7, 10, 18–22 A commonly used method involves placing several small oval 

regions of interest (ROIs) on the pancreas. Typically, this involves placing 1-cm2 ROIs 

in the pancreatic head, body, and tail for a total of 3 ROIs, but the size, location, and 

quantity of ROIs varies in different studies.3–4,7,18–22 Kato et al. suggested that numerous 

small ROIs poorly estimated pPDFF in adults due to sampling bias.10 This is in contrast 

to the full segmentation (FS) method that contours the entire pancreas in all slices where 

the pancreas is visible.10 Some data indicate that FS pPDFF measurement has higher inter- 

and intra-reader agreement compared to small ROI methods because the entire organ is 
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included.10 However, contouring the entire pancreas may be a more time-consuming process 

than placing 3 small ROIs. Furthermore, due to the complex anatomy of the pancreas, even 

experienced radiologists may struggle with identifying the borders of the pancreas at all 

axial levels, and variations in what tissue is included may reduce reliability. For example, 

the long and narrow shape of the pancreas makes it susceptible to signal contamination from 

surrounding visceral fat due to respiratory motion in traditional BH-MRI.23 A retrospective 

analysis involving FS contours in pediatric BH-MRI revealed significant intra-reader 

variation.24

While pancreatic steatosis is frequently implicated in the pathogenesis of diabetes and 

obesity, the literature is contradictory. Some studies have associated pPDFF with body mass 

index (BMI) and body weight, but other studies have failed to replicate these results.3–7, 10 

The relationship between pPDFF and beta-cell function, fasting insulin levels, and diabetes 

status is also unclear.2–7, 9 These discrepancies may be because of the various pitfalls 

associated with the image analysis method used to measure pPDFF. An investigation that 

separately analyzed pPDFF of the pancreatic head versus the body/tail found that low-

density lipoprotein (LDL) only correlated with pPDFF of the head, but not with pPDFF of 

the entire pancreas or of the body and tail.10 The FS method measures pPDFF as an average 

over the entire organ. Thus, local variations between anatomic regions may be given more 

or less weight depending on their relative volumes. In contrast, small ROI methods typically 

sample from several regions (e.g., head, body, tail) with equal weighting despite their 

unequal overall volumes. Therefore, the method employed to measure pancreatic steatosis 

may influence the study’s results. Determining the advantages of one method over another 

or investigating how a specific method could better address this limitation requires a more 

thorough knowledge of how fat is spatially distributed throughout the pancreas.

The aims of this study were to improve the acquisition and analysis of MRI for quantifying 

pPDFF in children by investigating FB-MRI in comparison to BH-MRI, characterizing 

spatial variations of pPDFF between anatomic regions in the pancreas using FB-MRI, and 

correlating pPDFF to anthropometric measurements and laboratory markers of metabolic 

dysfunction.

MATERIALS AND METHODS

Study Population

In this Health Insurance Portability and Accountability Act (HIPAA)-compliant and 

Institutional Review Board-approved prospective cohort study, healthy and overweight 

children between 6–17 years old were recruited. Parental permission was obtained 

and, when applicable, minor assent was also obtained. The overweight cohort included 

children with a BMI of ≥85th percentile.25 All children in the overweight cohort also 

had suspected or diagnosed non-alcoholic fatty liver disease (NAFLD). Prediabetes or 

diabetes mellitus type 2 (DM2) status were also recorded. Prediabetes was defined as 

hemoglobin A1c of 5.7–6.4% and DM2 was defined as hemoglobin A1c ≥6.5%.26 The 

healthy control cohort included children with a BMI <85th percentile. Exclusion criteria 

for both cohorts included congenital liver malformations, liver infections, pregnancy, inborn 

errors of metabolism, or MRI contraindications such as metallic objects in the body or 
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claustrophobia. Anthropometric measurements were performed at the research visit. Clinical 

data were collected through chart review. A research electronic data capture (REDCap) 

database was used for data management.27

Abdominal MRI

All subjects underwent a research exam with conventional BH multi-echo gradient-echo 

3D Cartesian MRI and prototype FB multi-echo gradient-echo 3D stack-of-stars MRI 

at 3 T (MAGNETOM Skyra or Prisma, Siemens Healthineers, Erlangen, Germany) for 

abdominal fat quantification.15 The 3D acquisitions in this study were performed in the 

axial orientation and prescribed primarily to cover the liver and typically included the 

pancreas as well. Depending on the subjects’ breath-holding capabilities, the number of 

slices was reduced for BH Cartesian MRI compared to FB stack-of-stars MRI. Whenever 

possible, both acquisition methods used consistent parameters (Table 1). No interpolation 

was performed along the slice direction (i.e., reconstructed slice thickness matched the 

acquired slice thickness). BH Cartesian MRI was acquired at end-expiration. FB stack-of-

stars MRI was reconstructed using data throughout the entire scan, without performing 

binning into separate respiratory motion states. 3D PDFF maps were calculated on the 

scanner from the multi-echo Cartesian and stack-of-stars MRI data using the same algorithm 

and a multi-peak fat model with a single R2*.28

Image Analysis and pPDFF Measurement

In all subjects, the pancreas was contoured by a pediatric radiologist (12 years of experience, 

S.G.) by using a free-hand ROI tool (Horos software version 3.3.6, horosproject.org) on 

abdominal PDFF maps from FB stack-of-stars MRI, while using the first echo time images 

as anatomical references. The radiologist performed full segmentation of the pancreas (FS 

contours), and also placed 1-cm2 oval ROIs within the pancreatic head, body, and tail 

for a total of 3 ROIs per subject. In addition, regional segmentation was obtained by the 

radiologist contouring the pancreatic head, body, and tail separately in each subject (Figure 

1). Anatomic regions were defined as follows: the head is pancreatic tissue to the right of the 

superior mesenteric vein, the body is the medial half of remaining tissue outside the head, 

and the tail is the lateral half of remaining tissue outside the head. Cases where any anatomic 

regions of the pancreas were entirely excluded from available axial slices, or if excessive 

artifacts were present, were determined by the radiologist to be inadequate for pancreatic 

fat quantification. The pPDFF was measured from the FS, 3-ROI, and regional segmentation 

contours. Pancreatic volume was calculated by compiling the volume of each voxel included 

within FS and regional contours.

Comparing Free-Breathing and Breath-Holding MRI for pPDFF Quantification

In addition to analyzing the FB-MRI data, the radiologist also completed a set of FS 

and 3-ROI pancreatic contours in the corresponding BH-MRI PDFF maps (Figure 2). The 

measurements on BH-MRI were blinded to FB-MRI data.
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Assessing Intra-Reader and Inter-Reader Agreement for FS and 3-ROI Pancreatic PDFF 
Measurements

To assess reader agreement for measuring pPDFF, a researcher (1 year of experience, J.D.S.) 

was trained and verified by the radiologist to serve as a second reader. Free-breathing 

MR images and PDFF maps were presented in a randomized and blinded fashion to the 

radiologist and the trained researcher with a minimum of two weeks between each session. 

Each reader measured FS and 3-ROI pPDFF independently. The measurement results were 

used to assess intra-reader agreement in FB-MRI pPDFF for each reader, as well as inter-

reader agreement. pPDFF measured by the radiologist using the FS and 3-ROI methods were 

compared to determine differences between measurement methods.

Comparing Pancreatic PDFF Between Anatomic Regions

Pancreatic PDFF from regional segmentation on FB-MRI (Figure 1) was compared between 

each region (head, body, and tail) to determine if pPDFF differed between anatomic regions.

Relating Pancreatic PDFF to Clinical Markers of Metabolic Dysfunction

FB-MRI pPDFF data from the second set of the radiologist’s FS and 3-ROI contours and 

from the only set of regional contours were used to assess relationships with anthropometric 

measurements and laboratory studies. Data from all subjects were used to relate FS, 3-ROI, 

and pancreatic head, body, and tail pPDFF with body composition (body mass index [BMI], 

BMI z-scores, and waist circumference) and liver PDFF, which was obtained through 

conventional BH-MRI to align with current clinical practice conventions. Because laboratory 

studies were not available for healthy subjects, pPDFF was correlated to serum liver 

function tests (aspartate aminotransferase [AST], alanine aminotransferase [ALT], alkaline 

phosphatase, and total bilirubin), hemoglobin A1c, and lipids (total cholesterol, low-density 

lipoprotein [LDL], high-density lipoprotein [HDL], triglycerides) in the overweight cohort 

only.

Statistical Analysis

Differences in continuous demographic, MRI, and clinical data were compared between the 

healthy and overweight cohorts using independent samples t-tests or Mann-Whitney U tests 

based on normality, as determined by the Shapiro-Wilk test. Differences in dichotomous 

demographic and clinical data were compared between cohorts using chi-squared tests.

Differences in pPDFF between FS and 3-ROI FB-MRI and BH-MRI measurements were 

assessed using the paired t-test or Wilcoxon signed-rank test depending on normality. 

Agreement in FS and 3-ROI pPDFF from FB-MRI and BH-MRI was assessed using Bland-

Altman analysis to calculate the mean difference and 95% limits of agreement. In addition, 

the degree of agreement between FB-MRI and BH-MRI pPDFF was characterized using 

Lin’s concordance correlation coefficient (CCC).29

Difference between FS and 3-ROI pPDFF was calculated using paired-samples t-test after 

confirming normality. Intra-reader agreement for FS and 3-ROI pPDFF measurements was 

determined using the intraclass correlation coefficient (ICC) with a two-way mixed effects 

model with single measurements to assess absolute agreement.30 Inter-reader agreement 
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between measurements from the radiologist and the researcher was determined using the 

average pPDFF from two sets of tracings for each method, and calculated using ICC 

with a two-way random-effects model with multiple raters to assess absolute agreement.30 

Interpretation of ICC values was performed according to guidelines from prior literature 

(ICC < 0.5 reflects poor reliability, ICC between 0.5 – 0.75 reflects moderate reliability, ICC 

between 0.75 – 0.9 reflects good reliability, and ICC > 0.9 reflects excellent reliability).30

Differences of means between pPDFF and volume of different regions were calculated using 

one-way repeated measures analysis of variance with post hoc analysis. Spearman’s rank 

correlation coefficients were used to assess the association between pPDFF and clinical 

markers. P < 0.05 was considered significant.

RESULTS

Participant Characteristics

This study enrolled 16 healthy children and 18 overweight children. Demographic 

information is summarized in Table 2. Healthy children (12.9 ± 2.8 years) were significantly 

younger than the overweight children (14.9 ± 2.4 years) and were less likely to be white 

(44% vs 89%) or Hispanic/Latino (19% vs 72%). Fifty percent of the overweight cohort 

had a previous diagnosis of prediabetes, and one subject had DM2. Compared to the healthy 

cohort, FS pPDFF in overweight children was significantly higher (15.1 ± 5.3% vs. 5.1 ± 

1.7%). MRI data are summarized in Table 3.

Comparing Free-Breathing and Breath-Holding MRI for pPDFF Quantification

Image analysis was completed for all FB-MRI scans. Five BH-MRI scans did not include 

the pancreatic head, preventing both FS and 3-ROI contours from being placed. The BH-

MRI scan for a single subject had excessive artifacts that prevented FS, but had sufficient 

coverage with no significant artifacts, which allowed for 3 ROIs to be placed. Therefore, 

FS tracings of the pancreas on BH-MRI were completed in 28 subjects and 3-ROI contours 

were completed on BH-MRI in 29 subjects. Among subjects with both FB-MRI and BH-

MRI FS pPDFF measurements, pPDFF was comparable (BH: 9.3 ± 6.0% vs FB: 9.7 ± 6.1%, 

p = 0.261) with a mean difference of 0.41% with 95% limits of agreement of [−3.3%, 4.1%]; 

Lin’s CCC was 0.95 [0.89 – 0.98]. Among subjects with both FB-MRI and BH-MRI 3-ROI 

pPDFF, results were also comparable (BH 3.7 ± 2.2% vs. FB 4.1 ± 2.8%, p = 0.552) with a 

mean difference of 0.40% with 95% limits of agreement of [−3.9%, 4.7%]; Lin’s CCC was 

0.62 [0.35 – 0.79]. The Bland-Altman plots are shown in Figure 3.

Assessing Reader Agreement for FS and 3-ROI Pancreatic PDFF Measurements

Radiologist measurements showed that pPDFF from the FS method was significantly higher 

than pPDFF from the 3-ROI method (data from second set of contours: FS pPDFF = 10.4 

± 6.4%, 3-ROI pPDFF = 4.2 ± 2.8%). For FS pPDFF, intra-reader agreement was excellent 

(ICC = 0.94 [0.88 – 0.97]). When using the 3-ROI method to measure pPDFF, intra-reader 

agreement was good (ICC = 0.82 [0.62 – 0.92]). Intra-reader agreement using data from 

the researcher and inter-reader agreement between the two readers are reported in Table S1 
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in Supplementary Information. Inter-reader agreement was good to excellent, though it was 

higher for 3-ROI pPDFF than FS pPDFF.

Comparing Pancreatic PDFF Between Anatomic Regions

Segmentation of each region of the pancreas showed that the volume of the pancreatic head 

(4.4 ± 0.7 cm3) was significantly smaller than that of the body (15.9 ± 1.7 cm3) and the tail 

(12.9 ± 1.3 cm3), and the tail was significantly smaller than the body. The tail pPDFF (11.6 

± 8.1%) was significantly higher than that of the body (8.9 ± 6.3%) and head (8.7 ± 5.8%), 

but pPDFF of the body and head did not differ (p > 0.999) (Figure 4).

Relating Pancreatic PDFF to Clinical Markers of Metabolic Dysfunction

FS pPDFF positively correlated with BMI (r = 0.73), BMI z-score (r = 0.76), waist 

circumference (r = 0.69), and liver PDFF (r = 0.78) (Figure 5). Similar relationships were 

seen between these variables and 3-ROI pPDFF and pPDFF from each pancreatic region 

(Table 4). The degree of correlation was notably higher when using pPDFF from FS or from 

segmentation of the head (BMI: r = 0.75, BMI z-score: r = 0.73–3, waist circumference: 

r = 0.67, liver PDFF: r = 0.83), body (BMI: r = 0.74, BMI z-score: r = 0.76, waist 

circumference: r = 0.71, liver PDFF: r = 0.79), or tail (BMI: r = 0.75, BMI z-score: r = 0.75, 

waist circumference: r = 0.72, liver PDFF: r = 0.78) compared to pPDFF from the 3-ROI 

method (BMI: r = 0.42, BMI z-score: r = 0.44, waist circumference: r = 0.38, liver PDFF: r = 

0.52), though all correlations were significant.

Within the overweight cohort, FS and 3-ROI pPDFF generally did not have significant 

correlations with liver function tests, hemoglobin A1c, or lipid levels. 3-ROI pPDFF 

correlated with serum ALT (Table 5). Hemoglobin A1c positively correlated with pPDFF 

of the pancreatic head (r = 0.58) and body (r = 0.69).

DISCUSSION

Free-Breathing MRI Facilitates Pancreatic Fat Measurement in Children

In this study, FB-MRI was used to acquire abdominal PDFF maps for the measurement of 

pancreatic fat in children. In subjects with adequate BH-MRI, FS pPDFF from FB-MRI 

and BH-MRI were in close agreement. 3-ROI pPDFF from FB-MRI and BH-MRI had 

lower Lin’s CCC than FS pPDFF, which is likely attributable to the lower consistency 

of ROI placement that is inherent to the 3-ROI method, as reported in prior literature.10 

Because the subjects in this study did not undergo pancreatic biopsies, the accuracy of 

pPDFF from BH-MRI and FB-MRI could not be validated. However, a prior investigation 

in adults showed that pPDFF from BH-MRI correlated with the fat content of healthy 

tissue from pancreatic biopsies (r = 0.80, p < 0.01).31 Since FB-MRI is easier to obtain 

and more child-friendly than BH-MRI,11, 12 we propose that it may be a more compelling 

method to acquire pPDFF measurements for research and clinical purposes in children 

with metabolic dysfunction or other pediatric diseases known to affect the pancreas, such 

as pancreatitis,32 Schwachman-Diamond syndrome,33 cystic fibrosis,34 transfusion-related 

pancreatic siderosis,18 and pancreatic exocrine dysfunction.22
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Heterogeneity of Pancreatic PDFF Across Anatomic Regions

The finding that the pancreatic tail has more fat than other regions might be related to 

the anatomical location of the pancreas in the abdomen. Histologically, pancreatic fat is 

predominantly characterized by adipocyte infiltration rather than ballooning of parenchymal 

cells, which is observed in hepatic steatosis.35 Therefore, the presence of adipose tissue 

surrounding different regions of the pancreas may directly relate to the amount of fat 

within that region. The tail of the pancreas is unique among pancreatic regions because it 

is located in the intraperitoneal space while the other regions are retroperitoneal. Because 

the peritoneum typically has a larger amount of fat compared to the retroperitoneum,36, 37 

the pancreatic tail may be more susceptible to adipocyte infiltration. Alternatively, the 

high pPDFF in the tail may reflect difficulties in excluding extra-pancreatic adipose tissue 

while performing FS tracings in superior axial levels. The actual mechanism(s) for regional 

variations of pancreatic fat remains unclear. These directions should be the topic of future 

investigations.

Utility and Limitations of Full Segmentation and 3-ROI Analysis Methods

Image analysis methods that inadequately sample the pancreas may systematically 

underestimate fat content by neglecting areas of high fat content. Indeed, the present study 

shows that pPDFF from the 3-ROI method was significantly lower than that from FS. This 

may suggest that the FS method is more likely to include regions that have higher fat, either 

because higher fat regions are closer to the edge of the pancreas and therefore would not be 

included if small ROIs are preferentially placed in the middle of each region, or because the 

reader had an inherent preference for placing small ROIs in low-fat areas. Indeed, pancreatic 

PDFF measured by the FS method had higher intra-reader agreement compared to the 3-ROI 

method, which was expected based on the substantially increased spatial extent of the FS 

tracings. On the other hand, the FS method may fail to exclude visceral fat surrounding the 

pancreas, leading to an overestimation of fat content. Inter-reader agreement was lower for 

FS than 3-ROI pPDFF, suggesting that difficulties in delineating the borders of the pancreas 

on all slices and excluding visceral fat may have decreased consistency between readers.

Another notable distinction between these methods is that 3-ROI weighs each region equally 

while FS weighs each region by their relative volumes. Since the pancreatic head has a 

smaller volume than the body and tail, the high-fat, high-volume tail region has a greater 

influence on FS pPDFF than 3-ROI pPDFF, which may contribute to the lower pPDFF from 

3-ROI measurements. However, this alone may not fully account for the difference because 

regional segmentation of the lower-fat regions (head and body) produced a higher pPDFF 

than the 3-ROI method.

Clinical Context of Pancreatic PDFF from FB-MRI and the Benefits of Regional Analysis

The relationship between pancreatic fat and overall adiposity has been previously described. 

Some studies have associated pancreatic steatosis with BMI and body weight.3, 5–7 In our 

study, pPDFF was positively correlated with BMI, BMI z-score, and waist circumference. 

This suggests that ectopic fat is deposited in the pancreas as adiposity increases. Increased 

pPDFF, in turn, may increase the risk for future insulin resistance and non-alcoholic fatty 

liver disease (NAFLD).
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The notable differences between the FS and 3-ROI methods may contribute to 

inconsistencies among previous studies. For example, an investigation among overweight 

and obese adolescents found that pancreatic steatosis is a predictor of prediabetes,2 

but similar studies failed to find a relationship between pancreatic steatosis and insulin 

resistance.3, 7 Studies that compared pancreatic fat with insulin sensitivity were similarly 

contradictory. Pacifico et. al4 found a positive relationship with fasting insulin and pPDFF 

while Lê et. al5 found no correlation. Furthermore, studies have assessed beta cell function 

by measuring responses to glucose loads. One study found that pancreatic fat predicted beta 

cell dysfunction.6

Our study noted relationships between pPDFF and serum ALT and hemoglobin A1c. 

Specifically, we observed relatively strong correlations between liver PDFF and pPDFF 

from FS and each region of the pancreas. The lowest correlation was observed between 

pPDFF measured by 3-ROI and liver PDFF. Notably, all subjects included in the overweight 

cohort had suspected or confirmed NAFLD. In contrast, a similar study of obese children 

with suspected or confirmed NAFLD failed to relate pPDFF to liver PDFF.7 In adults, 

pPDFF has been shown to increase with increased liver steatosis.20 When the present 

study’s data were analyzed using specific regions of the pancreas, a positive correlation 

was noted between the head and body pPDFF and hemoglobin A1c. NAFLD and DM2 

commonly coexist, and patients with diabetes are more likely to progress to non-alcoholic 

steatohepatitis (NASH), a more advanced form of NAFLD that can lead to liver failure.38 

These findings suggest that insulin resistance may play a role in liver fibrosis. When 

quantifying pPDFF it may be important to account for liver disease severity and specific 

pancreatic regions.

Limitations

Image acquisition in this study was limited to a single site, two MRI scanners, a single 

field strength, and a single vendor. This study was also limited by demographic differences 

between the healthy and overweight groups. Specifically, the overweight cohort was older 

and more likely to be white and Hispanic/Latino compared to the healthy cohort. As a result, 

the overweight cohort may have progressed further through puberty and have a different 

hormonal milieu. However, while pancreatic fat increases with age during childhood, this 

increase is proportional to increases in pancreatic parenchymal growth. Therefore, the fat 

percentage does not typically change during this time.39 Many of the comparisons in this 

study were performed separately in healthy and overweight subjects, and BMI was analyzed 

using both raw BMI values and z-scores, minimizing the impact of this age discrepancy.40 

Agreement of pPDFF measured using FS and 3-ROI methods were assessed using two 

sets of contours from one pediatric radiologist and one trained researcher. Incorporating 

additional readers could strengthen this analysis. Because pancreas biopsies are rare in 

children, we could not validate pPDFF with histology, the gold standard. Lastly, laboratory 

data was not available for the healthy cohort.

Conclusion

FB-MRI pPDFF was in agreement with BH-MRI in a cohort of children, and FB-MRI 

pPDFF had good to excellent intra- and inter-reader agreement. The pancreatic tail has a 
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higher fat content than the body and head, and associations with insulin sensitivity and liver 

function vary between pancreatic regions. Future investigations of pediatric pancreatic fat 

may benefit from a regional analysis of pPDFF using FB-MRI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Image Analysis Methods to Measure Pancreatic Fat on MRI.
Representative examples of pancreatic segmentation in free-breathing MR images from an 

overweight subject (12 years old, male, BMI = 29.0 kg/m2). A: Left: Coronal proton-density 

fat fraction (PDFF) map. Middle: Axial slices with full segmentation (FS) contours on PDFF 

maps. Right: 3D rendering of FS contours. B. 3-ROI method with 1-cm2 ROIs placed in the 

head, body, and tail of the pancreas. C. Example of segmentation contours of each anatomic 

region (head, body, and tail) within the pancreas on an axial slice. Contours of each region 

were obtained at all axial levels of the pancreas, producing volumetric segmentation of each 

region.
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Figure 2. Free-Breathing vs. Breath-Holding MRI PDFF Maps With Pancreatic Contours.
Top row shows FB- and BH-MRI PDFF maps from a single overweight subject (12 years 

old, male, BMI = 29.0 kg/m2). Bottom row shows FB- and BH-MRI PDFF maps from a 

single healthy subject (14 years old, male, BMI = 18.4 kg/m2).
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Figure 3. Bland-Altman Plots Comparing Pancreatic PDFF from Breath-Holding and Free-
Breathing MRI.
A. Full segmentation was completed in FB- and BH-MRI for 28 subjects, and the mean 

difference was 0.41% with 95% limits of agreement of [−3.3%, 4.1%]. B. The 3-ROI 

method was completed in FB- and BH-MRI for 29 subjects, and the mean difference was 

0.40% with 95% limits of agreement of [−3.9%, 4.7%].
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Figure 4. Pancreatic PDFF in Each Anatomic Region.
The tail region has significantly higher fat than the body or head. ** indicates p < 0.01 and 

*** indicates p < 0.001.
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Figure 5. FS Pancreatic PDFF from FB-MRI Compared to Other Measures of Adiposity.
All correlations were performed with Spearman’s rank correlation coefficient. A. FS pPDFF 

correlated with BMI. B. FS pPDFF correlated with BMI z-score. C. FS pPDFF correlated 

with waist circumference. D. FS pPDFF correlated with liver PDFF. All correlations were 

significant with p < 0.001.
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Table 1.
Parameters for Breath-Held and Free-Breathing MRI at 3T.

Scans were acquired in the axial orientation.

Breath-Held 3D Cartesian MRI Free-Breathing 3D Stack-of-Stars MRI

Echo time (TE) (ms) 1.23, 2.46, 3.69, 4.92, 6.15, 7.38 1.23, 2.46, 3.69, 4.92, 6.15, 7.38

Repetition time (TR) (ms) 8.85 8.85

Matrix size [Nx, Ny] 160–288, 160–288 160–288, 160–288

Field-of-View [mmx, mmy] 280–500, 280–500 280–500, 280–500

Resolution [mmx, mmy] 1.67–1.94, 1.67–1.94 1.67–1.94, 1.67–1.94

Slice thickness (mm) 5 5

Bandwidth (Hz/pixel) 1080–1160 1080–1160

Number of slices 20–40 36–52

Radial spokes N/A 252–453

Parallel imaging factor 4 N/A

Scan Time [min:sec] 0:16–0:25 2:09–4:43
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Table 2.
Demographics.

All values reported as mean ± standard deviation where applicable. BMI: Body Mass Index. DM2: Type 2 

Diabetes Mellitus.

Healthy (N = 16) Overweight (N = 18) P Value

Age (years) 12.9 ± 2.8 14.9 ± 2.4 0.027

Male 8 (50%) 13 (72%) 0.291

White 7 (44%) 16 (89%) 0.009

Hispanic/Latino 3 (19%) 13 (72%) 0.003

BMI (kg/m2) 18.9 ± 2.4 34.3 ± 9.5 <0.001

Waist Circumference (cm) 69.9 ± 8.3 111.1 ± 19.3 <0.001

Prediabetes Diagnosis N/A 9 (50.0%)

DM2 Diagnosis N/A 1 (5.6%)
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Table 3.
MRI PDFF and Volume Data.

All values reported are from the radiologist measurements and are formatted as mean ± standard deviation 

where applicable. PDFF: proton-density fat fraction. pPDFF: pancreatic PDFF. BH: breath-holding. FB: 

free-breathing. FS: full segmentation method. 3-ROI: 3 regions of interest method.

Healthy (N = 16) Overweight (N = 18) P Value

BH Liver PDFF (%) 2.2 ± 1.0 19.1 ± 10.9 <0.001

BH pPDFF, FS (%) 4.7 ± 1.4 14.6 ± 4.7 <0.001

FB pPDFF, FS (%) 5.1 ± 1.7 15.1 ± 5.3 <0.001

BH pPDFF, 3-ROI (%) 2.7 ± 1.0 5.0 ± 2.7 0.001

FB pPDFF, 3-ROI (%) 3.0 ± 1.6 5.3 ± 3.2 0.079

FB pPDFF, Head (%) 3.9 ± 1.7 13.0 ± 4.7 <0.001

FB pPDFF, Body (%) 4.1 ± 1.6 13.1 ± 5.9 <0.001

FB pPDFF, Tail (%) 5.5 ± 2.5 16.9 ± 7.5 0.042

FB Pancreas Volume, FS (cm3) 28.3 ± 8.0 48.5 ± 24.6 0.001

FB Pancreas Head Volume (cm3) 2.9 ± 2.1 5.8 ± 4.6 0.007

FB Pancreas Body Volume (cm3) 11.2 ± 3.6 20.1 ± 11.6 0.042

FB Pancreas Tail Volume (cm3) 9.2 ± 2.6 16.2 ± 8.9 0.005
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Table 4.
Correlation Between PDFF of Each Pancreatic Region and Measures of Adiposity.

Spearman’s rank correlation coefficients between pPDFF of each region of the pancreas and measures of 

adiposity. FS: full segmentation. 3-ROI: 3 regions of interest. BMI: body mass index. PDFF: proton-density fat 

fraction.

Pancreatic Region

FS 3-ROI Head Body Tail

BMI 0.73*** 0.42* 0.75*** 0.74*** 0.75***

BMI z-score 0.76*** 0.44** 0.73*** 0.76*** 0.75***

Waist Circumference 0.69*** 0.38* 0.67*** 0.71*** 0.72***

Liver PDFF 0.78*** 0.52** 0.83*** 0.79*** 0.78***

*
indicates p < 0.05

**
indicates p < 0.01

***
indicates p < 0.001
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Table 5.
Pancreatic PDFF and Clinical Markers of Metabolic Dysfunction in Overweight Children.

r: Spearman’s rank correlation coefficient. FS: full segmentation. Head: head region of the pancreas. Body: 

body region of the pancreas. Tail: tail region of the pancreas. AST: aspartate aminotransferase. ALT: alanine 

aminotransferase. LDL: low-density lipoprotein. HDL: high-density lipoprotein.

Sample Size FS pPDFF (r) 3-ROI pPDFF 
(r)

Head pPDFF 
(r)

Body pPDFF 
(r)

Tail pPDFF (r)

AST (U/L) 18 0.09 0.46 0.13 0.12 0.07

ALT (U/L) 18 0.18 0.50* 0.17 0.23 0.14

Alkaline Phosphatase (U/L) 17 −0.12 0.02 −0.05 −0.28 −0.19

Total Bilirubin (mg/dL) 17 0.24 0.48 −0.20 0.16 0.19

Hemoglobin A1c (%) 16 0.48 0.34 0.58* 0.69** 0.37

Total Cholesterol (mg/dL) 16 −0.11 0.27 −0.09 −0.24 0.20

LDL (mg/dL) 16 −0.06 0.25 −0.15 −0.20 0.22

HDL (mg/dL) 16 −0.22 −0.04 −0.35 −0.38 −0.13

Triglycerides (mg/dL) 15 0.19 0.50 0.44 0.31 0.46

*
indicates p < 0.05

**
indicates p < 0.01
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